Aims Ontogenetic patterns of odour emissions and heating associated with plant reproductive structures may have profound effects on insect behaviour, and consequently on pollination. In some cycads, notably Macrozamia, temporal changes in emission of specific odour compounds and temperature have been interpreted as a 'push -pull' interaction in which pollinators are either attracted or repelled according to the concentration of the emitted volatiles. To establish which mechanisms occur in the large Encephalartos cycad clade, the temporal patterns of volatile emissions, heating and pollinator activity of cones of Encephalartos villosus in the Eastern Cape (EC) and KwaZulu Natal (KZN) of South Africa were investigated. † Methods and Key Results Gas chromatography -mass spectrometry (GC-MS) analyses of Encephalartos villosus cone volatiles showed that emissions, dominated by eucalyptol and 2-isopropyl-3-methoxypyrazine in EC populations and (3E)-1,3-octadiene and (3E,5Z )-1,3,5-octatriene in the KZN populations, varied across developmental stages but did not vary significantly on a daily cycle. Heating in male cones was higher at dehiscence than during pre-and post-dehiscence, and reached a maximum at about 1830 h when temperatures were between 7 . 0 and 12 . 0 8C above ambient. Daily heating of female cones was less pronounced and reached a maximum at about 1345 h when it was on average between 0 . 9 and 3 . 0 8C above ambient. Insect abundance on male cones was higher at dehiscence than at the other stages and significantly higher in the afternoon than in the morning and evening. † Conclusions There are pronounced developmental changes in volatile emissions and heating in E. villosus cones, as well as strong daily changes in thermogenesis. Daily patterns of volatile emissions and pollinator abundance in E. villosus are different from those observed in some Macrozamia cycads and not consistent with the push-pull pattern as periods of peak odour emission do not coincide with mass exodus of insects from male cones.
INTRODUCTION

Floral volatiles have been identified as important signals for chemical communication between plants and animal pollinators across a range of plants including archaic angiosperms
and cycads (Pellmyr et al., 1991; Tang, 1993) . These olfactory signals are usually characterized primarily by fatty acid derivatives, benzenoids and terpenoids (Thien et al., 2000; Raguso, 2004 Raguso, , 2008 Knudsen et al., 2006) . Pellmyr and Thien (1986) noted that some chemical attractants were the same as or derived from known herbivore deterrents, which led them to suggest that olfactory attractants could have evolved from herbivore deterrents in circumstances where the interaction confers a net benefit to the plant because the herbivore also functions as a pollinator.
All plant reproductive structures undergo metabolic biochemical activity, with heat as a product of these reactions (Seymour and Schultz-Motel, 1997) , but thermogenic plants produce large amounts of heat beyond that which is simply a by-product of regular metabolic activity (Seymour and Shultz-Motel, 1997 ).
Periods of heat production normally correspond to the release of volatile compounds and insect activity in receptive female flowers of angiosperms (Seymour and Shultz-Motel, 1997, 1999; Seymour, 1999; Gibernau and Barabé, 2000; Seymour and Baylock, 2000; Seymour and Matthews, 2006) and have been shown to occur in dehiscing male cones of cycads (e.g. Tang, 1987a Tang, , 1993 Seymour et al., 2004; Suinyuy et al., 2010) . Heat production is considered to enhance production and volatilization of volatile compounds, which attracts insects (Tang, 1993; Seymour and Schultz-Motel, 1997, 1999; Ervik and Barfod, 1999; Seymour and Matthews, 2006) .
The simultaneous production of floral odour and heat when pollinating insects are active on flowers suggests that they individually or collectively influence pollinator behaviour. Floral odour and heat production are dynamic processes, and variations in these floral signals are probably adaptive mechanisms that regulate insect pollinator behaviour. Ontogenetic (developmental) changes in floral odour and heat production have also been shown to influence pollinator behaviour (e.g. Schiestl et al., 1997; Seymour and Matthews, 2006) . In such scenarios, changes in floral odour composition and heat production may correspond to specific pollinator behaviour at different stages of flower development (Kumano and Yamaoka, 2006; Maia and Schlindwein, 2006; Theis et al., 2007) .
Floral odour and heat are characteristic of the reproductive structures of some cycads and archaic angiosperms (e.g. Pellmyr et al., 1991; Tang, 1993 Tang, , 1987a . All cycads are dioecious, and insect pollinators have to visit both male and female plants for pollination to occur. Effective pollination requires pollinators to move from male to female cones or to move back and forth between the male and female cones, as observed by Terry et al. (2007a, b) . The known pollinators of almost all cycads are insect herbivores whose larvae feed on male cone tissues (including pollen) of the host cycad, so that the male cone serves as the larval brood site (Norstog et al., 1986; Tang, 1987b; Donaldson, 1997; Mound and Terry, 2001; Hall et al., 2004; Terry et al., 2005; Suinyuy et al., 2009 ). In such a system, the cues affecting specific insect pollinator behaviour, such as aggregation, attraction, repellence, mating and oviposition, may differ between male and female plants of the host species as well as at different times of the day or stages of cone development.
Until recently it was assumed that volatiles and heat production in cycads function solely to attract pollinators to inflorescences, but Terry et al. (2004) observed that insect pollinators actually left male cones of several Australian cycads (Macrozamia spp.) during periods of peak volatile emission, which also coincided with peaks in cone temperature as a result of thermogenesis. Their olfactometer experiments showed that the pollinator Cycadothrips chadwickii was attracted to Macrozamia lucida sporophylls early in the day, repelled at mid-day, and attracted to them again in the late afternoon to early evening (Terry et al., 2007a, b) . This behaviour corresponded to daily field observations which showed that thrips were present in male cones in the morning when volatile emissions and cone temperature were low, left male cones at mid-day when volatile emissions and cone temperature were high, and were attracted later in the day when cone emissions and temperature were low again (e.g. Terry et al., 2004) . Considering b-myrcene, it was shown that attraction and repellence were concentration dependent, and this system was referred to as a 'push -pull' pollination strategy (Terry et al., 2007a, b) .
Although a push-pull pollination strategy has been observed in the Australian Macrozamia cycads, it is not known whether it is a general phenomenon in cycads or whether there are different pollination mechanisms in this group of plants. Cone volatiles in the African cycad genus Encephalartos have been linked to the attraction of pollinators since Pearson's (1906) and Rattray's (1913) interpretations that weevils, such as Porthetes spp. (Coleoptera: Curculionidae: Molytinae, initially identified as Phlaeophagus), were possible pollinators of Encephalartos villosus Lehm. and E. altensteinii. The pollination period in male and female cones of Encephalartos is characterized by fluctuating daily emissions of odour and/or heat production (Tang, 1987a (Tang, , 1993 Donaldson, 1997; Suinyuy et al., 2010) . During early stages of development, male cones of Encephalartos spp. have tightly packed sporophylls that separate a few days before pollen release. At the time of pollination, male and female cones may emit similar volatile compounds and male cones typically undergo periods of heating. These changes in the cone coincide with more frequent insect visitation on male cones (e.g. Suinyuy et al., 2010) . These observations suggest that volatile emissions are linked to insect behaviour and function in attracting insect pollinators (Tang, 1993) . It has also been suggested that cone heating may enhance release of attractive odours and increase insect movement between cones (Tang, 1993) . In a detailed investigation of the pollination biology of E. villosus, Donaldson (1997) showed that peak temperatures in the evenings in dehiscing male cones coincided with the presence of insects. The simultaneous production of cone volatiles and heat and the occurrence of insects on cones strongly suggests that these physiological phenomena are important signals in regulating pollinator behaviour, but do not provide specific evidence for attraction and repellence.
In dioecious plants, it is necessary to determine the mechanisms that regulate pollinator behaviour and consequently influence pollination. In some Macrozamia cycads, such mechanisms involve push -pull interactions which comprise regular daily changes in levels of volatile emissions and heat production (Terry et al., , 2007a such that periods of attraction alternate with periods of repellence. Based on observations of some Encephalartos species, Donaldson (2007) proposed several possible mechanisms in which the factors influencing movement of pollinators away from male cones could vary with changes in the composition of volatile emissions and heat production over the developmental cycle of cones. This is especially true for the brood site in male cones which transform from a pre-dehiscent state to dehiscence and subsequent drying or decomposition over a period of 2 -3 weeks. The simplest alternative to the push -pull interaction proposed for Macrozamia is that insects will respond to specific cues associated with cycad host plants at the time of pollen dehiscence and disperse from the male cone later due to declining quality of the cone. More detailed studies of patterns of cone volatile emission and heat production over the period of pollination in cycads such as Encephalartos spp. can be used to test whether the original push -pull concept or any of the hypothetical alternatives applies to other cycad genera.
The main aim of this study was to examine patterns of cone odour emissions and heating in both male and female E. villosus to determine whether these patterns are consistent with daily push-pull interactions such as those observed in Macrozamia cycads (Terry et al., , 2007a or with the mixed models proposed by Donaldson (2007) . These alternative hypotheses were tested by measuring odour emissions, heating and insect abundance daily over the life span of both male and female cones.
MATERIALS AND METHODS
Study species and area
Populations of Encephalartos villosus occur mainly in patches of Scarp Forest and Northern Coastal Forest (Mucina and Geldenhuys, 2006) . Monoterpenes and nitrogen-containing compounds characterize the odour profiles of E. villosus plants from Eastern Cape Province (EC), while unsaturated hydrocarbons are dominant in plants from KwaZulu Natal (KZN) populations (Suinyuy et al., 2012) . The study focused on populations from both regions, comprising Mount Sullivan and Ocean View Guest Farm, occurring in forests in the Transkei Coastal Belt vegetation type of the EC, and additional populations in the Kranzkloof Nature Reserve in the KZN Coastal Belt. The study also included cultivated plants at the Kirstenbosch Botanic Garden in Cape Town which are derived from areas in the EC region, and at the Pietermaritzburg campus of the University of KwaZulu Natal which are derived from localities in the KZN region. Male and female cones of E. villosus emerge during January and February. The male cone extends and the sporophylls become separated around March and April when pollen is shed. After pollination, the male cone disintegrates but the female cone remains on the plants until they mature and eventually disintegrate between September and November.
Developmental stages of cones
The developmental stages were determined through observation of the cones, starting several weeks before pollen dehiscence and receptivity in male and female cones, respectively. Male cones were classified as pre-dehiscent until the period when the cone elongated and the sporophylls separated (Fig. 1A) , as dehiscent when the cone elongated and there was clear separation between the sporophylls and the microsporangia released pollen (Fig. 1B) , and as post-dehiscent when the microsporangia ceased shedding pollen, typically when the cone also started to disintegrate (Fig. 1C) . Male cones before pollen dehiscence had a height of about 300 mm and diameter of 6 . 2 mm, and at pollen dehiscence the cones extend up to 620 mm in height and about 130 mm in diameter until they start disintegrating. Female cones were classified as pre-receptive until the cone had reached its full size and the sporophylls on the top half of the cone had separated to reveal small gaps; receptive when the sporophylls were maximally separated; and post-receptive when the sporophylls were again tightly closed.
Temperature measurements
Temperatures of male and female cones of E. villosus were monitored in situ for each key developmental stage during two reproductive events (2008 and 2009) . Temperatures were measured using thermochron ibutton data loggers and Climastats software (FairBridge Technologies, South Africa) accurate to +0 . 5 8C and set to record the temperature at 10 min intervals over at least a 24 h period. At the Kirstenbosch Botanic Garden, temperatures were measured for two male and female cones, respectively, throughout their life cycle during the Pietermaritzburg campus (three male cones and two female cones). Two ibuttons were used for each cone, one inserted between the cone sporophylls to measure cone temperature and the other placed between the leaves of the same cycad to measure ambient temperature. Both ibuttons were positioned in such a way as to avoid direct exposure to sunlight. Because E. villosus occur in forest habitat such that the canopy prevents sunlight from reaching the forest floor, the cones were not shaded.
Cone odour sampling
Headspace sampling was used to collect volatiles from male and female cones of E. villosus in 2007 -2009. Polyacetate bags (Nalo Bratfolie Kalle GmbH, Germany) were placed over the entire cone just prior to sampling in order to concentrate the volatile compounds. Air from inside the bags was suctioned for 30 min into an adsorbent trap using a portable batteryoperated pump (Spectrex Personal Air Sampler PAS 500, USA) calibrated at 200 mL min
21
. Air samples were simultaneously collected from empty polyacetate bags placed way from the plant as controls to identify background contamination. The trap samples were stored at -20 8C in a sealed vial until analysis. The traps contained 2 mg of a 50:50 mixture of Tenax TA w (Alltech Associates, USA) and graphitized carbon (Carbotrap TM , Supelco, USA) in a glass tube closed at both ends with glass wool. At each key developmental stage, cones were sampled in the morning (between 0900 h and 1100 h), afternoon (1330-1530 h) and evening (1700-1900 h), and the number of replicates depended on the availability of cones. In the EC, odour samples were collected from five male and four female plants at each developmental stage for each time period (morning, afternoon and evening). In KZN, odour samples were obtained from nine pre-dehiscent male cones, 11 dehiscent and post-dehiscent male cones, four pre-receptive female cones, five receptive female cones and three post-receptive female cones.
Chemical analysis and compound identification
Volatile samples were analysed using a coupled Varian 3800 gas chromatograph (Varian Palo Alto, CA, USA) and Varian 1200 mass spectrometer. The gas chromatograph was equipped with an Alltech EC -WAX column of 30 m × 0 . 32 mm internal diameter × 0 . 25 mm film thickness (Alltech Associates Inc., Deerfield, IL, USA). Helium was used as the carrier gas at a flow rate of 1 mL min
21
. After sampling, traps were placed in a Varian 1079 injector by means of a Chromatoprobe fitting and thermally desorbed. The injector was heated to 40 8C for 2 min with a 20:1 split ratio and then increased to 200 8C, and then held at 200 8C min 21 in splitless mode for thermal desorption. After a 3 min hold at 40 8C, the gas chromatograph oven was ramped up to 240 8C at 10 8C min 21 and held there for 12 min. Compound identification was carried out using the Varian Workstation software with NIST05 mass spectral library and comparisons with retention times of chemical standards, where available, as well as comparisons between calculated Kovats retention indices and those published in the literature. A homologous series of alkanes (C8-C20) was used to determine Kovats retention indices. Compounds were verified using retention times of authentic standards (97 -99 . 5 %, Sigma Aldrich Inc. GmbH, Germany), and (3E)-1,3-octadiene (98 %, ChemSampco, USA), and published Kovats indices. Compounds present at higher or similar percentages in controls were considered as contaminants and excluded from the analysis. For quantification of emission rates, known amounts of standards of dominant compounds were injected into cartridges and thermally desorbed under identical conditions to the samples. The peak areas of compounds in the samples were compared with those of the standards and used to calculate the total emission rates of compounds per cone per hour and emission rate per compound per cone per hour. Individual compounds comprising ≥10 % of the average relative amount that were emitted in almost all stages and during some times of day in males and females were considered dominant compounds.
Insect visitors to male and female cones
Insects present on male and female cones of E. villosus in the field were sampled at all cone stages throughout the duration of field work (2007) (2008) (2009) . They were sampled at approximately the same times as odour sampling in the morning (0900 -1100 h), afternoon (1330 -1530 h) and evening (1700-1900 h). The insects were collected from male cones by shaking the cones over a beating sheet. Five male cones were surveyed for each key developmental stage in both EC and KZN, and for each stage the same cones were sampled in the morning, afternoon and evening. Sampling of insects on five female cones was restricted to insects crawling on the surface of the cones as these could be collected without damaging the cone. The insects were counted and recorded before storing in alcohol, and were later identified based on keys by Endrödy-Younga (1991), Donaldson (1991) and Oberprieler (1996) . Voucher specimens of insects have been deposited in the entomological collection of the school of Life Sciences of the University of KwaZulu Natal, Pietermaritzburg campus, South Africa.
Statistical analysis
The mean temperatures above ambient and mean maximum cone temperatures were determined, as well as the standard errors of the mean of the cone temperature. To test for significant differences in the rates of emission of compounds for different cone stages and times of day, data were analysed using analysis of variance (ANOVA) in STATISTICA version 7. The first analysis tested the overall differences in the rate of emission of all compounds for different cone stages and times of day and the second analysis tested differences in rates of emission of individual dominant compounds across all the stages. This was followed by Tukey's honest significant difference (HSD) method of pairwise multicomparison (Zar, 1984) . In graph construction, the mean emission rates as well as the standard error of the mean of each of the major compounds were determined.
To test whether there were significant differences among the total number of insects associated with cones at different developmental stages and times of day, data were analysed using the Kruskal -Wallis test (because data were not normally distributed), followed by the Tukey's HSD method for pairwise multicomparisons (Sokal and Rohlf, 1995) . Because few insects were collected from female cones, analyses were carried out only for insects collected from male cones.
RESULTS
Temperature changes in male and female cones
In male plants, the general pattern of cone heating at the pollen dehiscent stage comprised a consistent rise in cone temperature above concurrent ambient temperature in the late afternoon when air temperatures were cooling ( Fig. 2A -C) . In some cones, heating occurred in the late morning to early afternoon when both cone and ambient temperatures increased simultaneously. Such cones sometimes show a bimodal pattern of heating, with a first peak in the late morning to early afternoon and a second peak in the evening. In comparison, near ambient cone temperatures were recorded at pre-dehiscent and postdehiscent stages ( Fig. 2A -C) .
Cone heating due to thermogenesis appeared to be limited to between 3 and 7 days during the dehiscent phase and peaks in cone temperature occurred mostly between 1800 and 1830 h during sunset. At this time, cone temperatures rose above concurrent ambient temperatures which were cooling, making thermogenesis easy to identify ( Fig. 2A-C) . Cones in the EC and KZN reached their mean maximum temperatures of between 29 . 7 + 0 . 8 8C (n ¼ 5) and 31 . 7 + 0 . 4 8C (n ¼ 5), respectively, between 1600 and 1900 h, and reached the peak at an average time of 1822 h. Cone temperatures were between 7 . 1 + 1 . 3 8C and 9 . 3 + 1 . 0 8C warmer than ambient. Despite the absence of thermogenesis in the majority of pre-dehiscent male cones, five male cones (three in EC and two in KZN) did have temperatures above ambient in the pre-dehiscent stage. In these cases, heating began from late morning (between 1000 h and 1040 h) and reached a daily mean maximum between 1150 h and 1507 h. The cone temperature exceeded mean ambient temperature by between 2 . 0 and 4 . 5 8C. Because the cones were not shaded from sunlight, peaks in temperature on pre-dehiscent cones could be a response to solar heating as early sun rays in the morning that strike the cones could quickly cause a spike in heat production (Seymour and Shultz-Motel, 1999) .
In general, there was little or no increase in temperature in female cones throughout the life cycle of the cone (Fig. 2D-F) . In some cases, cone temperatures increased simultaneously with ambient temperature and only rose above concurrent ambient temperature when ambient temperature started decreasing in the evening (Fig. 2D, E) . In contrast to this pattern, a relatively small thermogenic effect appeared to occur in three female cones: cone temperature continued to increase up to approx. 2 . 0 8C above the maximum ambient temperature over a number of days during the life cycle of the cone (Fig. 2F) . However, the small increases in cone temperature that follow the peaks in ambient temperature could simply represent a lag in the cooling of the cone relative to a more rapid cooling in ambient temperature.
Volatile emissions
As previously described, E. villosus cones emit a large number of different volatile compounds (Suinyuy et al., 2012; see Supplementary Data Tables S1 and S2) . The cone odour of E. villosus from EC is dominated by the nitrogen-containing compound 2-isopropyl-3-methoxypyrazine and the monoterpene eucalyptol, with a-terpinene, a-pinene and b-pinene contributing substantial amounts; whereas unsaturated hydrocarbons (3E)-1,3-octadiene and (3E,5Z)-1,3,5-octatriene characterize the odour of KZN plants (Suinyuy et al., 2012; see Supplementary Data Tables S1 and S2) . Monoterpenes are the most numerous compounds emitted by E. villosus cones, followed by aliphatic compounds which consist of benzenoids, aldehydes, ketones, alcohols and aliphatic acids. In the EC plants, male and female cones emitted 63 identified and one unidentified compound, while in the KZN plants they emitted 69 identified and one unidentified compound, respectively (Supplementary Data Tables S1 and S2) . Table S1 ). The emission rates of 2-isopropyl-3-methoxypyrazine at the post-dehiscent stage were significantly greater (P ≤ 0 . 05) than at the dehiscent and pre-dehiscent stage, and those of a-pinene and eucalyptol were greater at post-dehiscence but not significantly different from those at dehiscence and pre-dehiscence (P . 0 . 05) (Fig. 3A) , and largely accounted for the overall high emission rates at postdehiscence.
In female EC plants, the mean emission rate was highest in cones at the pollen receptive stage (1375 . 20 + 702 . 05 ng cone 21 h
21
, n ¼ 12) and significantly greater than emissions in cones at the pre-receptive (20 . 45 + 7 . 06, n ¼ 13) and postreceptive stages (121 . 19 + 52 . 51, n ¼ 12) (ANOVA, F 2,28 ¼ 2 . 89; P ≤ 0 . 05). As in the male cones, a few compounds dominated the volatile profile of the female cones, with eucalyptol, 2-isopropyl-3-methoxypyrazine and a-pinene having the highest emission rates, with maximum emission recorded at the receptive stage (Fig. 3B) . Emissions rates at the receptive stage were significantly greater for eucalyptol and 2-isopropyl-3-methoxypyrazine (P ≤ 0 . 05) than at the post-receptive and pre-receptive stages (Fig. 3B) .
Although scent emission rates differed between the different cone stages in male and female cones of E. villosus from EC plants (Supplementary Data Table S1 ), overall emissions did not differ between different times of the day for male cones (ANOVA, F 2,36 ¼ 5 . 31, P . 0 . 05) and female cones (ANOVA, F 2,28 ¼ 0 . 23, P . 0 . 05), nor did they differ for individual dominant compounds.
In KZN plants, variation in volatile emission rates between the different cone stages were also accounted for by a few dominant compounds emitted by male and female cones (Fig. 3C, D) . In male cones, the mean emission rates in cones at the dehiscent stage (10 638 . 69 + 2057 . 14 ng cone 21 h
, n ¼ 33) were significantly greater than in cones at the pre-dehiscent stage (1761 . 58 + 743 . 24, n ¼ 27) and post-dehiscent stage (1603 . 31 + 466 . 34, n ¼ 33) (ANOVA, F 2,84 ¼ 17 . 20; P , 0 . 001). These differences were accounted for by emissions of (3E)-1,3-octadiene and (3E,5Z)-1,3,5-octatriene which were significantly higher (P ≤ 0 . 05) than those at pre-dehiscent and post-dehiscent stages (Fig. 3C) . Benzaldehyde, 1-octen-3-ol and linalool were significantly higher (P ≤ 0 . 05) at postdehiscence, and heptanal was significantly higher (P ≤ 0 . 05) at pre-dehiscence (Fig. 3C) . In female KZN plants, the mean emission rates at the postreceptive stage (360 . 88 + 123 . 90 ng cone 21 h
, n ¼ 9) were significantly greater than in cones at the receptive stage (72 . 92 + 22 . 30, n ¼ 15) and pre-receptive stage (23 . 58 + 17 . 32, n ¼ 12) (ANOVA, F 2,27 ¼ 7 . 64; P , 0 . 01). The differences were accounted for by (3E)-1,3-octadiene, eucalyptol, benzaldehyde and linalool that were emitted in significantly higher amounts at the post-receptive stage (P ≤ 0 . 05) than at the pre-receptive and receptive stages (Fig. 3D) .
In male cones, overall rates of odour emission at different times of the day were highest in the evening (7606 . 42 + 2020 . 19 ng cone 21 h
) and were significantly greater than emissions in the afternoon (4180 . 30 + 1465 . 16) and in the morning (2777 . 37 + 818 . 58) (ANOVA, F 2,84 ¼ 3 . 40, P , 0 . 05, n ¼ 31). The overall significant difference between times of day observed in male cones at dehiscence was accounted for by the emission of two compounds, 1-octen-3-ol and p-anisaldehyde. The emission rate of 1-octen-3-ol in the evening (83 . 69 + 35 . 72 ng cone 21 h
) was significantly greater than emissions in the morning (13 . 51 + 4 . 21) and afternoon (11 . 51 + 4 . 09) (ANOVA, F 2,30 ¼ 3 . 51, P , 0 . 05, n ¼ 31). The emission rate of p-anisaldehyde was significantly greater in the afternoon (4 . 71 + 1 . 83) (ANOVA, F 2, 30 ¼ 4 . 02, P ,0 . 05, n ¼ 31) than in the evening (1 . 16 + 0 . 41) and morning (0 . 74 + 0 . 18). There were no significant differences in the emission rates of compounds in female cones at different times of the day (P . 0 . 05).
Compositional change. Change in volatile composition was prominent across life stages of EC and KZN plants (Supplementary  Data Tables S1 and S2 ). The male cones of EC plants emitted detectable levels of 30 compounds at pre-dehiscence, 37 at dehiscence and 32 at post-dehiscence stages. Compositional change occurred mostly in minor compounds and was dominated by the terpenoids, with particular compounds detected only in H e p ta n a l H e p ta n a l p -a n is a ld e h y d e p -a n is a ld e h y d e a -i ro n e ( 3 E ) -1 , 3 -o c t a d ie n e ( 3 E ) -1 , 3 -o c t a d ie n e ( 3 E , 5 Z ) -1 , 3 , 5 -o c t a t r ie n e ( 3 E , 5 Z ) -1 , 3 , 5 -o c t a t r ie n e H e p t a n a l H e p t a n a l H e x a n a l of dominant compounds emitted before, during and after pollen dehiscence and female receptivity in: (A) male cones (number of samples n ¼ 15 at all stages) and (B) female cones (number of samples n ¼ 12, 13 and 12, respectively) in the Eastern Cape; and (C) male cones (number of samples n ¼ 27, 33 and 33, respectively) and (D) female cones (number of samples n ¼ 12, 15 and 9, respectively) in KwaZulu Natal. Bars represents the mean (+ s.e.). Letters above bars denote homogeneous groups for each compound using Tukey's honest significant difference (HSD) test.
two stages. For example, b-thujene, camphene, a-terpinene, carveol, 4-terpineol, citral, piperitone oxide, cis-geraniol and p-cymen-3-ol were detected at dehiscence and post-dehiscence (Supplementary Data Table S1 ). In contrast, two terpenoids, limonene and cis-p-menth-2-en-ol, and the benzenoids methyl benzoate and benzyl alcohol were present in scent of E. villosus before and during pollen dehiscence (Supplementary Data  Table S1 ). The female cones emitted 35 compounds at pre-receptive, 41 at receptive and 25 at post-receptive stages. Compositional change in female cones was similar to that of male cones in that it occurred mostly in minor compounds. Aliphatic acids were detected mostly before and during pollen receptivity or before and after receptivity, with a few compounds detected at one stage (Supplementary Data Table S1 ). Terpernoids were detected mostly in two stages either during and after pollen receptivity or before and during pollen receptivity (Supplementary Data Table S1 ).
In the KZN plants, the male cones emitted detectable levels of 31 compounds at pre-dehiscence, 42 at dehiscence and 52 at post-dehiscence (Supplementary Data Table S2 ). Compositional change in male cones of KZN plants was dominated by terpenoids, benzenoids and the aldehydes of aliphatic compounds (Supplementary Data Table S2 ). A few minor compounds were only detected during dehiscence (e.g. trans-b-ocimene, piperitone oxide and carvone), while some were detected at dehiscence and post-dehiscence stages [e.g. a-terpineol, borneol, (E, E)-a-farnesene and a-curcumene]. The majority of the compounds were detected only at post-dehiscence (Supplementary  Data Table S2 ).
The female cones emitted 11 compounds at pre-receptive, 25 at receptive and 24 at post-receptive stages (Supplementary Data  Table S2 ). In the female cones, compositional change occurred in a few compounds, but most of the compounds were detected in one stage. For example, acetic and heptanoic acids, 1-octanol, a-irone, camphor, myrtenal and myrtenol were detected at the post-receptive stage, while (2E,4E)-hepta-2,4-dienal, 2,4-octadienal, anisole, a-pinene and cis-b-ocimene occurred only at the receptive stage (Supplementary Data Table S2 ).
Insect visitors to male and female cones
Four species of beetles (Coleoptera) were collected from E. villosus male cones in both EC and KZN: Antliarhinus zamiae Thunberg (Curculionoidea: Brentidae), Erotylidae sp. nov. (Cucujoidea), Metacucujus goodei Endrödy-Younga (Cucujoidea; Boganiidae) and Porthetes sp. (Curculionidae) (Suinyuy et al., 2012) . The Porthetes species was provisionally named as P. pearsonii by Oberprieler (1996) . Antliarhinus zamiae is sexually dimorphic, and the female insect, which is about 25 mm long, has an elongated rostrum about the same length as the body while the male insect with a short rostrum is about 7 mm long (Donaldson, 1997) . Metacucujus goodei, Erotylidae sp. nov. and Porthetes sp. all range in length from 3 to 8 mm (Donaldson, 1997) .
With the exception of small numbers of A. zamiae individuals on pre-dehiscent cones, all the beetles were most abundant on dehiscent male cones (Fig. 4A-H) . At pre-dehiscence, A. zamiae were observed crawling over the cone surface while Erotylidae sp. nov. and M. goodei were mostly located at the base of the cones and Porthetes sp. were seen crawling over the cone surface, forcing their way between the tightly packed sporophylls. At dehiscence, the insects present on cones (Erotylidae sp. nov., M. goodei and Porthetes sp.) were all covered with pollen while moving in between the sporophylls as well as over the cone surface. At post-dehiscence, the abundance of all insect species declined and A. zamiae was absent.
In EC populations, the three beetle species observed on dehiscent male cones (n ¼ 5) showed similar patterns of abundance (Fig. 4B-D) . The relative numbers of beetles were significantly higher in the afternoon than in the evening or morning for Erotylidae sp. nov. (Kruskal-Wallis x 2 ¼ 13 . 52, P , 0 . 01), Porthetes sp. (Kruskal -Wallis, x 2 ¼ 30 . 06, P , 0 . 001 and M. goodei (Kruskal -Wallis x 2 ¼ 16 . 16, P , 0 . 001) (Fig. 4B-D) . In post-dehiscent cones, there was a tendency for Erotylidae sp. nov. to be more abundant in the evening than in the morning or afternoon (Kruskal-Wallis, x 2 ¼ 13 . 68; P , 0 . 001) (Fig. 4C) .
The pattern of insect abundance was more variable on dehiscent male cones (n ¼ 5) in KZN populations (Fig. 4E -H) . At dehiscence, there were significantly more individuals of the uncommon A. zamiae (Kruskal-Wallis, x 2 ¼ 6 . 67, P , 0 . 05) and the more abundant Porthetes sp. (Kruskal-Wallis, x 2 ¼ 23 . 66, P , 0 . 001) during the afternoon than in the evening or morning. In contrast, M. goodei was significantly more abundant in the morning and evening than in the afternoon (KruskalWallis, x 2 ¼ 6 . 96, P , 0 . 05). The abundance of Erotylidae sp. nov. followed a similar pattern to that of M. goodei although there were no significant differences among times of day.
DISCUSSION
Results from this study show that the temperature of male cones follows strong daily cycles during the dehiscent stage when thermogenesis significantly increases cone temperature above ambient temperature. In contrast, there were only relatively small differences in the composition and emission rates of cone volatiles at different times of day. Instead, the composition and emission rates varied most markedly between different stages of cone development. Field observations of insect pollinators showed similarly large differences in abundance between developmental stages, with relatively smaller (but significant) differences in abundance on a daily cycle. These results are not fully consistent with the push-pull mechanism described previously for Macrozamia cycads (sensu Terry et al., 2007a, b) , and deserve further discussion.
In considering the mechanisms that regulate insect pollinator behaviour, it is important to determine whether populations from EC and KZN behave differently. Both populations exhibit similar patterns of cone thermogenesis and they share the same pollinator species. The key differences occur in chemical composition between cone odours of E. villosus plants from EC and KZN populations, and the results of this study are in agreement with other studies on this species (e.g. Suinyuy et al., 2012) . The odours from EC plants were dominated by eucalyptol and 2-isopropyl-3-methoxypyrazine (Supplementary Data  Table S1 ), whereas odours from KZN populations were dominated by (3E)-1,3-octadiene and (3E,5Z)-1,3,5-octatriene (Supplementary Data Table S2 ). The occurrence of the same insects on cones in EC and KZN (see also Suinyuy et al., 2012) suggests that the insects respond to different chemicals in each region or they are responding to the same chemicals that occur in both regions. The majority of the compounds were emitted at the dehiscent and receptive stages in male and female cones, respectively, when insects were active especially on male cones. Moreover, few of the compounds that occurred in the pollen dehiscent and receptive phases also occurred in the pre-dehiscent and postdehiscent stages in male cones and the pre-receptive and postreceptive stages in female cones. The results suggest that these compounds play some role in mediating the behaviour of pollinators during the key period of pollen dehiscence and receptivity.
In general, emission of volatiles varies between the cone developmental stages, but not between different times of the day. In pollen-shedding cones of E. villosus, the daily pattern of cone volatile emissions indicated that there were no significant differences in the emission rates of the dominant compounds eucalyptol and 2-isopropyl-3-methoxypyrazine emitted by EC plants and (3E)-1,3-octadiene and (3E,5Z )-1,3,5-octatriene emitted by KZN plants. The only distinct daily pattern was evident in cone temperature, with low cone temperatures in the morning, high cone temperatures in the afternoon and peak cone temperatures in the evening. Despite the apparent uniformity in odour emission rates, there were differences in insect pollinator abundance on dehiscent cones at different times of day. The implication is that insects may be responding to daily patterns of cone heating, albeit on a less dramatic scale than that observed in Macrozamia spp. Close observations of dehiscing male cones of E. villosus at peak temperatures in the evening indicated that, although insects were generally less abundant than in the afternoon, few insects were leaving the male cones at this time. Relatively few beetles crawled out from between the sporophylls onto the surface of the cone before flying away. This differs from M. lucida and M. macleayi ( pollinated by C. chadwickii thrips) and M. machinii ( pollinated by Tranes weevils) in which there was a notable mass movement of pollinators away from male cones at the time of peak odour emission and thermogenesis . The daily pattern of insect movement on E. villosus therefore appears to be different from the very clear push -pull interactions observed in M. lucida and M. macleayi .
Several alternative patterns of attraction and repellence occur in cycads, including ones in which there is active attraction of pollinators at some stages of male cone development followed by passive dispersal associated with declining quality of the cone as a brood site (e.g. Donaldson, 2007) . In this case, specific male cone attributes (volatile compounds and/or heat) that are considered as adaptations to facilitate pollination would be expected to influence only the attraction of pollinators but not their dispersal. A further option of no active attraction accompanied by active dispersal (Donaldson, 2007) was based on the assumption that pollinators would visit male cones as brood and feeding sites and that heat and volatiles would not be necessary to attract pollinators to male cones. Therefore, heat and volatiles that influence pollinator behaviour would be expected to have only repellent effects that would enhance dispersal of insect pollinators from male cones.
The developmental changes over the life cycle of male cones observed in this study indicate that there is a significant change in the emission rates of cone volatiles and cone thermogenesis at the onset of pollen dehiscence. Some of the developmental changes occurred in cone volatiles that comprised relatively low emission rates of the overall volatile profile. The changes in E. villosus cones were associated with a consistent increase in the abundance and activity of all three of the confirmed pollinator taxa on male cones (Fig. 4B-D, F-H) . In contrast, activity by A. zamiae, which is predominantly a herbivore with a negligible role in pollination (Donaldson, 1997) , was restricted to the period preceding pollen dehiscence (Fig. 4A, E) . These results provide circumstantial evidence that male cone traits that are specific to the period of dehiscence do actively attract pollinators, in contradiction to the model where there is no active attraction (Donaldson, 2007) .
Developmental variations in different floral volatiles, which result in the attraction of pollinator insects in one developmental stage and repellence in another stage, have been found in the orchid Ophrys sphegodes (Schiestl et al., 1997; Schiestl and Ayasse, 2001 ). The insect activity on male cones of E. villosus also showed a dramatic decline following dehiscence, which could indicate that the cone is producing repellent compounds at the stage following dehiscence or that high concentration of volatiles at post-dehiscence as in the EC plants repel pollinators. At this stage, most of the insects appeared to be second-generation adults that were emerging after undergoing larval development in the male cone sporophylls. The beetles were still covered in pollen and would therefore still be effective pollinators that will visit female cones by mistake because they produce attractive cues that are similar to those of male cones. However, by the time of emergence, the male cone had started to disintegrate and the sporophylls were decomposing so that the cone would have been unsuitable as a brood site. This is consistent with the possibility of dispersal associated with decline in the suitability of the cone as a brood site, without any specific adaptation to repel pollinators. A similar phenomenon seems to occur in basal angiosperms, where insects that visit the female flower parts during pollination stay there until the scent emission decreases and temperatures cool down, and they will then leave in search of another scented male or female flower part (e.g. Miyake and Yafuso, 2003; Seymour and Matthews, 2006) .
The data for volatiles from E. villosus seem to best fit the model of active attraction at dehiscence followed by dispersal associated with deterioration of male cones after dehiscence, but this does not explain the daily changes in patterns of insect abundance observed on male cones. Because there was relatively little daily variation in the emission rates of cone volatiles, one implication is that thermogenesis influences insect behaviour on a daily basis, especially to disperse pollinators. The low abundance of pollinators observed on cones of E. villosus in the evenings (Fig. 4B-D , F-H) coincides with periods of peak temperatures in male cones of E. villosus. With the exception of Stangeria that does not produce heat (Tang, 1987a; Proches and Johnson, 2009 ), all cycad genera studied so far produce heat at some point in their developmental cycle. Cone volatile emissions and thermogenesis typically occur together in cycads (e.g. Tang, 1987a Tang, , 1993 Pellmyr et al., 1991; Stevenson et al., 1998; Seymour et al., 2004; Suinyuy et al., 2010) , a phenomenon that also occurs in basal angiosperms (e.g. Seymour and Schultz-Motel, 1997, 1999; Jürgens et al., 2000; Ivancic et al., 2004; Seymour and Matthews, 2006; Thien et al., 2009) . The biological role of thermogenesis in pollination of Encephalartos is still unclear. In M. machinii, the insects were highly active during thermogenesis compared with non-thermogenic periods, and this suggests that the heating is associated with the greater activity due to the higher body temperatures (Seymour et al., 2004) . In other systems, thermogenesis augments scent production in plants to attract insects, functions as a reward for visiting insects and enhances larval development (Seymour and Schultz-Motel, 1997; Ervik and Barfod, 1999; Seymour and Shultz-Motel, 1999; Seymour et al., 2003 Seymour et al., , 2009 ). Some of the above roles may apply for the Encephalartos pollination system, but this study did not show any particular increase in volatiles associated with thermogenesis so Encephalartos may differ from other systems and represent a system where daily patterns of thermogenesis may result in small movements of pollinators on a daily basis compared with larger movements associated with developmental changes in cones.
In conclusion, our preliminary results, based on analysis of cone thermogenesis and cone volatiles together with observational data on pollinators, suggest that E. villosus have different patterns that regulate insect behaviour and is therefore not similar to the push -pull interaction that occurs in Macrozamia. Further experimental studies are needed to elucidate the response of insect pollinators to individual compounds in the laboratory followed by field tests to determine whether the response indicates attraction or repellence. This can be done by using varying amounts of whole cone scents or varying concentrations of individual compounds. Also studies are needed to understand the role of heat production alone in the behaviour of the insects that pollinate various Encephalartos species. Overall there is a need to carry out tests to determine whether cone odour and thermogenesis act in synergy or independently on pollinators of Encephalartos and other cycads.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Table S1 : average relative amounts of individual compounds and overall emission rates of compounds emitted by male and female cones of E. villosus in the Eastern Cape before, during and after pollen dehiscence and receptivity in the morning, afternoon and evening. Table S2 : average relative amounts of odour of individual compounds and overall emission rates of compounds emitted by male and female cones of E. villosus from KwaZulu Natal before, during and after pollen dehiscence and receptivity in the morning, afternoon and evening.
